Abstract. Scintillation light from gamma ray irradiation in liquid xenon is detected by two Hamamatsu R9288 photomultiplier tubes (PMTs) immersed in the liquid. UV light reflector material, PTFE, is used to optimize the light collection efficiency. The detector gives a high light yield of 6 photoelectron per keV (pe/keV), which allows efficient detection of the 122 keV γ-ray line from 57 Co, with a measured energy resolution of (8.8 ± 0.6)% (σ). The best achievable energy resolution, by removing the instrumental fluctuations, from liquid xenon scintillation light is estimated to be around 6-8% (σ) for γ-ray with energy between 662 keV and 122 keV.
Introduction
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Experimental setup
A picture of the detector's inner structure and a schematic drawing are shown in Figure 1 . The detector contains a gridded ionization structure, enclosed by a PTFE tube. It was designed for both ionization and scintillation measurements [9] . Two Hamamatsu R9288 PMTs are installed from the sides to detect the scintillation light. A blue LED is mounted in the PTFE tube. The light from LED goes through the PTFE wall and is detected by the PMTs for gain calibration. For ionization measurement, three high optical transparent meshes, which serve as cathode, grid and anode, are used. The ionization electrons are detected by the anode mesh, which is connected to a charge sensitive preamplifier (CLEAR PULSE Model 580). One additional shielding mesh is placed between the PMT and anode mesh to avoid induction between the PMT and the andoe charge signals. The 1.9 cm drift region between cathode and grid defines the liquid xenon sensitive volume for ionization measurement. For measurements of only scintillation light, as in this paper, the whole volume of LXe between the two PMTs are the sensitive target. The whole structure is immersed in liquid xenon during the experiment. The structure is mounted in a stainless steel vessel, surrounded by a vacuum cryostat for thermal insulation.
The detector is filled with ultra-pure liquid xenon, purified through a SAES high temperature getter. After filling the chamber with liquid xenon, the xenon is continuously circulated through the purification system, designed for the XENON dark matter search experiment (see [10] and [11] for more details), to achieve the best xenon purity level. During the recirculation of xenon, the light yield were monitored as a function of recirculation time and we saw no significant changes of light yield. This indicates that the attenuation of scintillation light in liquid xenon is much longer than the size of our chamber.
The whole scintillation light waveforms from the two PMTs are recorded by a digital oscilloscope (LeCroy model LT374) with a sampling rate of 1 GHz. The coincidence of the two signals is used for the trigger. Figure 2 shows the two PMTs' output of the scintillation light waveforms from a 662 keV γ-ray ( 137 Cs) event. The integrated pulse area of the light waveforms gives the number of photoelectrons (N pe ) produced by the scintillation light on the PMT photocathode,
Where V (t) is the pulse amplitude at time t. R, equal to 50 Ω, is the impedance for the PMT signals. e is the elementary electronic charge and g is the PMT gain. The gain of PMT is calibrated by the single photoelectron spectrum from the LED light. The typical gain for the PMT at LXe temperature (-90 o C to -100 o C) is at the level of 10 6 at an operating voltage of 900 V.
Simulation of light collection efficiency
A Monte Carlo simulation, based on Geant4 [12] , is developed to trace the scintillation photons produced in liquid xenon. In the simulation, we assume a PTFE reflectivity between 88%∼95% [5] . The optical transparency of the meshes is 95 ± 1%. The absorption length of liquid xenon scintillation light is longer than 100 cm [13] and the Rayleigh scattering length is about 30 cm [14, 15] . The absorption and scattering lengths are much longer than the scale of our detector. The major uncertainty for calculating the light collection efficiency is from the PTFE reflectivity and mesh transparency. By varying the PTFE reflectivity between 88% and 95% and mesh transparency between 94% and 96% in the simulation, an overall light collection efficiency is estimated to be (63 ± 4)% for events uniformly distributed in the LXe sensitive volume.
The solid angle effect makes the light detection sensitive to the event location. Figure 3 shows the position dependence of the simulated light collection with PTFE reflectivity at 92% and mesh transparency at 95%. The horizontal center of the detector is at Z = 0. The surface of the two PMTs are at ±19 mm. The light collection efficiency for each of the PMTs alone varies from 14% to 60% at different Z positions. Combining the two PMTs' signals significantly reduces the non-uniformity. The asymmetry of the two PMT signals can be used to select the events in the center of the detector.
Experimental Results

Scintillation yield
The number of photoelectrons, N pe , from a γ-ray event with energy ε (in unit of eV) deposited in LXe can be calculated as, where scintillation efficiency η is defined as the gamma ray scintillation yield per unit energy compared with that of relativistic heavy ions. It is dependent on the γ ray energy. W ph is the average energy required to produce a scintillation photon from the relativistic heavy ions, which is measured to be 13.8 eV [16] . L c is the light collection efficiency. Q e is the effective quantum efficiency of the PMT (including photoelectron collection efficiency to the first dynode). Q e 's for the PMTs used here have nominal values of 15%. Figure 4 is the 57 Co scintillation light spectrum in number of photoelectrons, at zero field. The 122 keV γ ray scintillation in LXe gives 726 pe, which corresponds to about 6.0 pe/keV. Using the simulated light collection efficiency, we estimate the η value to be 0.85 ± 0.10 for the 122 keV γ rays, according to equation 2. The error comes from the light collection efficiency and PMT quantum efficiency. This measurement is repeated for 22 Na ( Figure 5 ) and 137 Cs ( Figure 6 ) gamma ray sources. The light yields, estimated scintillation efficiencies and the energy resolutions are listed in Table 1 . The measured energy dependence of scintillation light yield for γ rays is consistent with the results reported in [5] , as shown in Figure 7 . The scintillation efficiency η is usually referred as the relative scintillation yield per unit energy, (dL/dε) rel . (dL/dε) rel is higher for γ rays with lower energy. Its dependence on the linear energy transfer (LET), dε/dx, is given by the following equation [16] ,
A, B and η 0 are free parameters. η 0 is the (dL/dε) rel value at zero LET. At dε/dx → ∞, A/B + η 0 = 1. The relation between A and η 0 , and B and η 0 , can be calculated with experimental values from 1 MeV electrons, which are well precisely measured (less than 7% uncertainty, as discussed in [16] ). We fit the experimental values, by combining our results, with those from [5] and [16] . The best fit gives an η 0 value at 0.55 for low energy gamma rays, such as 122 keV γ rays from 57 Co. While for gamma rays more than 500 keV, such as 662 keV γ rays from 137 Cs, the fitted parameter η 0 prefers a zero value.
Energy resolution
The energy resolution of the scintillation spectra is studied for different γ ray energies. The values are also listed in Table 1 . The overall measured energy resolution R of a liquid xenon scintillation detector is a combination of light collection variation due to the detector geometry R g , the statistical fluctuation of number of photoelectrons from the PMTs R s , the fluctuation of electron-ion recombination due to escape electrons R r , and the intrinsic resolution from liquid xenon scintillation light R i . Here the intrinsic energy resolution R i is due to the non-proportionality of scintillation yield due to secondary electrons, as discussed in [18] and references therein. R can be written as the following equation, assuming all these factors are not correlated.
Based on light collection simulation, R g for the 511 keV γ from 22 Na and 662 keV γ from 137 Cs are about 4.7%. Due to a much localized interaction positions, R g is about 2.5% for 122 keV γ from 57 Co. R s can be calculated roughly as R s = 1.1/ N pe , which includes the statistical fluctuations of number of photoelectrons and PMT gain variations. The intrinsic energy resolution, R i , is estimated to be about 4% (FWHM) for gamma ray energy between 0.1 and 2 MeV (see Figure 7 in [18] ).
We can estimate the combined contribution from recombination fluctuation contribution R r and the intrinsic energy resolution R i , based on the values of measured energy resolution R, the geometrical contribution R g and the statistical contribution R s , from equation 4. The results are plotted in Figure 8 , compared with the results in [5] . It is clear that energy resolution from liquid xenon scintillation light is limited by the recombination fluctuation R r . At low energies, the statistical contribution R s is dominant. Due to a better light collection efficiency, the statistical contribution is smaller in this work than that in [5] . This explains the better measured energy resolution for 122 keV γ rays in this work. The best achievable energy resolution, by using liquid xenon scintillation light at zero field, is about 6-8%(σ) for γ rays with energy between 662 keV and 122 keV. We note that the recombination fluctuation can be removed technically by means of ionization-scintillation anti-correlation, and much better energy resolutions can be achieved in liquid xenon by using both scintillation and ionization signals, as from recent measurements in [9, 20] and discussions in [19] .
Conclusion
In this paper we presented the results related to scintillation spectroscopy obtained from a liquid xenon chamber with a good light collection efficiency by immersing PMTs in the liquid and using UV light reflectors. The relative scintillation yield from gamma rays to relativistic heavy ions in liquid xenon is measured. The LET dependence of relative scintillation yield from γ rays is discussed. The high light collection efficiency yields a good energy resolution of 8.8%(σ) for 122 keV γ rays from 57 Co at zero field. At zero field, the best energy resolution (i.e. without instrumental fluctuations) that can be achieved, by using liquid xenon scintillation light alone, is estimated to be around 6 − 8%(σ) for γ rays between 662 keV and 122 keV.
